The article presents the analysis of the section characteristics for bandpass filters on resonators based on bulk acoustic waves (BAW). Ladder filters on BAW resonators consisting of a different number of L-shaped sections are considered. Using the electric equivalent Butterworth-Van Dykе model, the characteristics of the L-shaped sections consisting of microelectronic BAW resonators and used to build ladder bandpass filters are obtained. Analyzing the obtained characteristics, it was found the influence of the number of Lshaped sections in the filter on the filter passband, the signal attenuation in the passband, and the phase shift of the output signal. Keywordsmicroelectronic BAW resonator, filter on BAW resonators, L-shaped section of the filter, resonator impedance I.
INTRODUCTION
Bandpass filters are the main components of any communication system and are used to extract and pass signals within a certain frequency range. Currently, bandpass filters are widely used in portable communication devices, industry, space and military spheres to ensure high-quality telecommunication communications. To eliminate interference between the devices, it is important to use highly selective filters that ensure reliable separation of signals between two adjacent bands.
Modern portable communication devices operate in the microwave range and the main signal selection devices in them are filters built on microelectronic piezoelectric resonators, which are a metal-piezoelectric-metal film structure. To ensure the resonance conditions of a bulk acoustic wave (BAW) in a piezoelectric layer, the film structure is placed on a substrate in a certain way. Depending on the constructional arrangement of the piezoelectric structure, there are the following types of BAW resonators: resonators with an air gap, membrane-type resonators, resonators with an acoustic Bragg reflector and an acoustic Jose reflector [1, 2] .
Microwave filters on microelectronic BAW resonators consist of several resonators that are acoustically or electrically connected. The use of certain combinations of links between BAW resonators allows one to obtain various types of a transfer characteristic of filters and to control their parameters. Compared to other filters, BAW film filters have low insertion loss, small size, low production cost and a wide range of operating frequencies (from 0.5 GHz to 30 GHz) [3, 4] .
II. FORMULATION OF THE PROBLEM
Microwave bandpass filters based on electrically coupled BAW resonators have a ladder, bridge, or mixed structure formed from resonators with certain characteristics [5] . The structure of the ladder filters is a set of L-, T-or U-shaped sections connected in series. The simplest elementary element of the ladder filter is the L-shaped section. It consists of one series and one parallel resonator. In Fig. 1 (a) shows the electrical equivalent circuit of the L-section of the filter, in which the resonators are replaced by electrical resistors with impedances Z r1 and Z r2 . A ladder filter based on L-sections contains several such sections, increasing the number of which, one can get the required attenuation outside the passband. The electrical equivalent circuit of a ladder filter of several Lshaped sections is shown in Fig. 1 (b) [6] . Analysis of the operation of bandpass filters on microelectronic BAW resonators and their design is carried out on the basis of various models of these resonators, among which the most used ones are the Mason model and the Butterworth-Van Dyke model. In the Mason model, to describe the processes in the acoustic system of the resonator, an XIII International scientific and technical conference "Dynamics of Systems, Mechanisms and Machines" (Dynamics) 5-7 November 2019, Omsk, Russia equivalent electric circuit on lumped resistive elements that replace the layers of the resonator is used. In the Butterworth-Van Dyke model, the resonator is replaced by an electric equivalent circuit on elements with lumped parameters that describe both the acoustic and electrical subsystems of the resonator [7] . The most suitable for analyzing the operation of bandpass filters on BAW resonators is the Butterworth-Van Dyke model, since it uses elements with lumped parameters, which makes it possible to apply the provisions of the circuit theory to calculate the characteristics of filters. However, the direct use of the Butterworth-Van Dyke model to analyze the operation of the filter leads to excessive detailing of its equivalent electrical circuit and the complexity of modeling its characteristics. Given that bandpass filters on BAW resonators consist of identical sections, modeling of its characteristics can be carried out based on the characteristics of individual section. In this case, modeling and analysis of the characteristics of individual filter sections becomes an important step, using which a quick synthesis of the frequency characteristics of the filter can be carried out. In this regard, the aim of this work is to model and analyze, based on the Butterworth-Van Dyke model, the characteristics of an L-shaped section consisting of microelectronic BAW resonators and used to construct ladder bandpass filters.
III. Theory
The equivalent electric circuit of the BAW resonator based on the Butterworth-van Dyck model is shown in Fig. 2 . In this scheme, C 0 is the static capacity of the resonator, which characterizes the electrophysical processes (polarizability of the piezoelectric) in the structure of the resonator. The parameters R m , C m and L m are equivalent dynamic resistance, capacitance and inductance of the resonator, respectively. They characterize the processes in the acoustic subsystem of the resonator.
The determination of the value of each parameter of the equivalent electrical circuit of the resonator is carried out using the following formulas:
where A is the area of the resonator electrode, ε r is the relative dielectric constant of the piezoelectric material, ε 0 is the dielectric constant, d is the distance between the electrodes of the resonator;
,
where f p and f s are the frequencies of parallel and series resonances of the resonator, respectively;
where Q is the quality factor of the resonator [9] .
The impedance of each branch of the electrical equivalent circuit of the resonator is equal to
where Z m is the impedance of the branch containing the dynamic resistance, capacitance and inductance of the resonator, Z с is the impedance of the branch containing the static capacitance.
The total impedance of the equivalent circuitry of the resonator can be represented as follows
The equivalent circuitry of the L-section of the filter on BAW resonators (Fig. 1a) represents a voltage divider. The ratio between the output and input voltages of the L-section, S 21 , is where Z r1 is the impedance of the parallel resonator in the Lsection, Z r2 is the impedance of the parallel resonator in Lsection [2] .
The phase shift between the output and input voltages of the L-section, φ, is determined by the following formula 
IV. THE RESULTS
The frequency characteristics of the L-sections of the filter on the microelectronic BAW resonators were modeled using the values of the parameters of the equivalent electrical circuits of the resonators presented in Table I . The values of the parameters C 0 , C m , L m and R m were calculated using formulas (1), (2), (3) and (4), respectively. To obtain the necessary central operating frequency and bandwidth of the filter on the BAW resonators, the BAW resonators included in the L-section must have an appropriate correlation of the frequencies of the serial and parallel resonances. The frequency of the parallel resonance of the resonator 1 should be equal to the frequency of the series resonance of the resonator 2.
The BAW impedance module of resonator 1 has a minimum at a sequential resonance frequency of 2.991 GHz and a maximum at a parallel resonance frequency of 3 GHz. The impedance module of resonator 2 has a maximum and a minimum at the frequencies of series and parallel resonance, respectively, equal to 3 GHz and 3.01 GHz. The frequency dependences of the impedance module of the resonators on the BAW are presented in Fig. 3 . When constructing filters on BAW resonators, it is also necessary to take into account the phase-frequency characteristics of the BAW resonators, which are presented in Fig. 4 . The phase shift of the BAW resonators on th has a maximum value of 0.313 rad at a frequency of 2.996 GHz for the first resonator on the BAW and at a frequency of 3.006 GHz for the second resonator on the BAW, respectively. The obtained phase-frequency characteristics of ladder filters on BAW resonators with a different number of Lshaped sections are shown in Fig. 6 . 
V. DISCUSSION OF THE RESULTS
The analysis of the obtained frequency characteristics of filters on BAW resonators with the various numbers of Lshaped sections shows that with increasing the number of the section in the filter on BAW resonators, the signal attenuation in the passband increases. The bandwidth, ∆f, decreases with increasing the number of the sections in the filter on BAW resonators. For the filter based on BAW resonators with one Lshaped section, the bandwidth is ∆f=16.7 MHz; for the filter with two L-shaped sections -∆f=15.4 MHz; for the filter with three L-shaped sections -∆f=15.2 MHz.
Based on the obtained phase-frequency characteristics for filters on BAW resonators, it was found that with increasing the number of L-shaped sections in the filter on BAW resonators, the phase shift of the output signal increases. The parameters of the phase-frequency characteristics for filters on BAW resonators with a different number of L-shaped sections are presented in table II   TABLE II .
PARAMETERS OF THE PHASE-FREQUENCY CHARACTERISTICS FOR THE FILTERS BASED ON BAW RESONATORS

Number of section in the filter
Phase shift of the output signal on the resonance frequencies, rad 
VI. CONCLUSION
In the work, by modeling with using the Butterworth-Van Dyke model, the characteristics of the L-shaped section based on microelectronic BAW resonators which uses in design of ladder bandpass filters, are obtained. The results were used to analyze band ladder filters with a different number of Lsections. An analysis of the frequency characteristics of the filters based on BAW resonators showed that with increasing the number of L-section, the filter passband decreases and the signal attenuation in the passband increases. Also, with increasing the number of L-sections in the filter, the phase shift of the output signal increases.
The results of the work can be used in the design of bandpass filters on BAW resonators, as well as in the study of the influence of various factors on the characteristics of these filters.
